We have developed a new and simple method of chondrocyte suspension culture using a spinner bottle with rotation of the matrices. We compared the characteristics of chondrocytes cultured by this method with those grown in standard monolayer cultures. We also determined the optimal nutritional medium for suspension cultures. Periosteum explants seeded with chondrocytes were grown in monolayer and suspension cultures under three conditions: in medium with no additive (control), with 10% fetal bovine serum (FBS), or with 10% autologous serum (AS). After culturing, the explants were harvested, processed for histology, and stained with hematoxylin-eosin or TUNEL, or immunostained for type I, II, and III collagen, and Ki-67 antigen. In monolayer cultures, the attachment of the chondrocytes to the periosteum was weak and the superficial layer consisted of fibrotic tissue and few nucleated cells. Collagen type II staining was strong, but types I and III were weak. Among the suspension cultures the AS group produced the thickest layer of chondrocytes with the fewest apoptotic cells. The superficial layer of cartilage in these cultures stained positive for type I and III collagen and Ki-67 antigen. Among the suspension cultures, total chondroitin and chondroitin-4 sulfate (C-4S) concentration was highest in the AS group, while prostaglandin E 2 (PGE 2 ) was highest in the FBS group. In summary, our new method of suspension culture of periosteal explants using rotational matrices combined with AS nutritional media was the most effective method for maintaining the bond between the chondrocyte layer and periosteum, as well as the production of type I and III collagen in the superficial layer.
INTRODUCTION
a three-dimensional scaffold with agarose, alginate, and hyaluronic collagen (34) was shown to be useful for maintaining both the round shape and collagen production There have been numerous experimental and clinical reports regarding attempts to regenerate hyaline articular characteristic of chondrocytes (2) . However, if used as transplant material in humans this system could be prone cartilage (4, 6, 27, 28) . However, restoration of the normal layered structure of hyaline cartilage has not yet been to adverse reactions or immunorejection due to the artificial materials of the scaffold. achieved. Many kinds of scaffolds are now used for approximating normal cellular architecture in chondrocytes
In this study, we have developed a new and simple way of culturing chondrocytes using a spinner bottle (16, grown in culture for experimental purposes, but these model systems have several limitations that preclude 27, 28, 32, 38) . We fixed a composite of periosteum and chondrocytes on the central bar and rotated it during the clinical use.
In contrast, autologous chondrocyte transplantation culture. Then we compared the characteristics and the response to different nutritional media of cells grown in using a periosteum flap can be applied clinically because it is safe and only rarely prone to immunorejection. Chonthis novel culture system with cells grown in monolayer cultures. Fetal bovine serum (FBS) is widely used for drocytes propagated in monolayer cultures-to date the most popular culture method-lose their cell-specific chondrocyte cultures but carries risks for disease transmission and immunorejection due to the xenograft, whereas characteristics: they assume a fibroblast-like cell shape, they produce type I rather than type II collagen, and the autologous serum (AS) is not associated with these risks (22). We compared FBS and AS to determine the optiproteoglycans they synthesize are of a low, rather than high, molecular weight (3, 11) . In a recent animal study, mal nutritional medium for our new suspension culture.
The purpose of this study was to determine the optimal culture conditions for monolayer and suspension cultures of autologous chondrocytes with a periosteum explant, specifically in terms of collagen production, apoptosis inhibition, and biological markers of chondrocyte differentiation.
MATERIALS AND METHODS

Chondrocyte Cultures
Articular cartilage and periosteum from the medial side of the proximal tibia or from the medial femoral chondyle were obtained at the time of total knee arthroplasty from patients with osteoarthritis (four cases) of the knee, or at the time of amputation above the knee from patients with arteriosclerosis obliterance (ASO) (one case) or malignant fibrous dysplasia (one case). The patients ranged in age from 54 to 88; their average age was 72.2 years. Dulbecco's modified Eagle's medium (DMEM) and 1% penicillin/streptomycin in a spinner bottle at 37°C, in a humidified atmosphere of 95% air and 5% CO 2 overnight.
paraffin. Sections 3 µm thick were cut perpendicular to Periosteum was cut into rectangles of equal size (apthe original cambium surface of the periosteum. Secproximately 7 × 15 mm) and cultured with DMEM in tions were then stained with Alcian blue and immunomonolayer and suspension cultures immediately followstained for type I, II, or III collagen. Apoptosis was asing surgery. For monolayer cultures, the periosteum was sessed using the TUNEL method. Cell proliferation was placed with the cambium layer up in a petri dish with detected by immunostaining for the Ki-67 antigen. DMEM at a total volume of 3 ml. For the suspension Staining was carried out using Histofine SAB-PO cultures, the periosteum was stabilized around the center (multi) kit (Nichirei, Tokyo, Japan). Anti-bovine collabar of a spinner bottle with DMEM at a total volume of gen type II (poly, LSL, Tokyo, Japan), anti-human colla-15 ml and rotated at a speed of 100 rpm (Fig. 1) . Periosgen type I and type III (poly, Monosan, Uden, Netherteal explants were cultured at 37°C, in a humidified atlands), and anti-Ki-67 (clone; MIB-1, Immunotech, France) mosphere of 95% air and 5% CO 2 overnight.
were obtained from the sources identified. Paraffin secThe next day, chondrocytes were isolated from the tions on silane-coated slides were dewaxed with xylene diced cartilage, centrifuged at 1000 × g for 5 min, washed (5 min × 4) and rehydrated using a graded ethanol series. twice with PBS, then resuspended in 20 ml DMEM. Each After they were washed in PBS, the sections were incutype of culture was divided into three groups: no addibated with 0.3% hydrogen peroxide/methanol for 10 min tive (control group), 10% FBS, and 10% AS. Chondroto block endogenous peroxidase activity, washed again cytes were then centrifuged at 1000 rpm for 5 min. Cell in water for 5 min, and finally treated with the above pellets were resuspended in 50 µl of the same nutritional antibodies at 4°C overnight. Each incubation was folmedium. Periosteum pieces were then seeded with chonlowed by a 15-min PBS rinse. Subsequently, the slides drocytes by placing the cell suspension onto the camwere treated with biotinylated anti-rabbit Ig and antibium layer of a periosteum. Periosteum pieces were then mouse Ig for 60 min at room temperature followed by taken with central bar from a spinner bottle, resuspended peroxidase-labeled streptavidin for 30 min at room temcell pellets were put on the periosteum with a pipet in a perature. After washing with Tris buffer (pH 7.8), the hood air, then stayed 3 min for the cell attachment.
slides were washed with distilled water and stained usThese samples were then placed in an incubator with ing a 3,3′-diaminobenzidine tetrahydrochloride (DAB; 1% penicillin/streptomycin at 37°C, 5% CO 2 , and 95% Sigma Chemical Co., St. Louis, MO, USA) solution and humidity for 2-3 weeks.
30% hydrogen peroxide.
Histological and Immunohistochemical Analysis Morphometric Analysis
The mean maximum thickness of the chondrocyte The periosteum explants with chondrocytes were harvested and fixed with 20% formalin, and embedded in layers was measured in the suspension culture explants using Mac Scope version 2.59 (Mitani Corporation, Tokyo, was measured by HPLC (36); prostaglandin E 2 (PGE 2 ) was measured by EIA (Amersham Pharmacia Biotech, Japan). Five fields within each H&E-stained sample were measured. Tissue samples were also processed for Tokyo, Japan) (12). Concentrations of C-6S and C-4S in the samples were normalized by subtracting the amounts immunohistological studies. The extent of antigen expression was estimated by counting the number of imfound in unconditioned FBS and AS media. munostained chondrocytes within each of the different Statistical Analyses layers of cartilage. The total number of chondrocytes and the number of chondrocytes positive for TUNEL The mean and SEM were calculated for all paramestain were estimated for the full thickness of the cartiters measured. The paired t-test was applied to test for lage. The results were expressed as the percentage of the significance (p < 0.05) of differences in morphologichondrocytes staining positive for the antigen, with the cal measurements and the expression of biological markmaximum score being 100%. The percentage of cells ers among the different culture conditions. with positive staining for each sample is the average of counts taken from five fields. RESULTS
Histological Evaluation Biological Markers
After 2-3 weeks in culture, the media were stored Monolayer Culture. In monolayer cultures, the FBS group had a chondrocyte layer, but the attachment beat −20°C and digested with chondroitinase ABC, and hyaluronidase derived from Streptococcus dysgalactontween the chondrocyte layer and periosteum was weak, with a loose extracellular matrix ( Fig. 2A) . The cultures iae. The concentration of chondroitin-6 sulfate (C-6S) and chondroitin-4 sulfate (C-4S) in the culture medium in the FBS group stained positively for type II collagen ( Fig. 2B ), but were only weakly stained for type I (Fig. greater than type I and III collagen expression; stainingfor type I (Fig. 5C ) and III ( Fig. 5D ) collagen was appar-2C) and III collagen (Fig. 2D) .
The AS group maintained an extracellular matrix, but ent in the superficial layer of chondrocytes. Ki-67 antigen was also detected in the superficial layer of the AS the integrity of the chondrocyte layer and periosteum was disturbed; the superficial layer consisted of fibrotic group cultures, but there was almost no positive staining in the FBS group (Fig. 6C, D) . Collagen staining should tissue with no nucleated cells (Fig. 3A) . Collagen staining was strong for type II (Fig. 3B ), but weak for type I be mainly in the extracellualr space, while Ki-67 should be concentrated mainly within the cells. (Fig. 3C ) and III collagen (Fig. 3D) . Cells stained positively for the Ki-67 antigen were not found in either the Morphometric Analysis FBS or AS group (Fig. 6A, B) .
Among the suspension cultures, the thickness of the Suspension Culture. Among the suspension cultures, chondrocyte layer was greatest in the AS group (Fig. 7) . the FBS and especially the AS groups maintained the The AS group had a lower percentage of cells positive bond between the chondrocyte layer and periosteum for TUNEL staining than the control group, but showed (Figs. 4, 5A) , with thick chondrocyte layers. no significant difference from the FBS group (Fig. 8 ). In the FBS group, the superficial portion of the chonBiochemical Evaluation drocyte layer was strongly stained for type II (Fig. 4B ) and moderately type I collagen (Fig. 4C) , and weakly
The concentrations of C-6S in suspension cultures in for type III collagen (Fig. 4D) . In the AS group, as in the AS and FBS groups were higher than those of the the others, type II collagen (Fig. 5B) expression was control group, but there was no significant difference between the AS and FBS groups (Fig. 9) . Among susstructure in animal studies. However, the potential clinical value of these scaffolds is controversial because pension cultures, the C-4S concentration was highest with the AS group. The ratio of C-6S/C-4S was larger questions pertaining to long-term tissue structure and response, such as cell-polymer interactions, integration at in the AS and FBS groups than in the control. PGE 2 in suspension cultures was much greater in the FBS group boundary sites, and chemical induction following resorption, have not been fully analyzed. than in the AS group (Fig. 10) .
Safety is definitely one of the most important factors DISCUSSION in a clinical setting. Bovine type I collagen scaffolds are widely applied as blood coagulants; however, reports of Various matrices, including agarose gel, alginate (8, 21, 40) , fibrin (15,17,33), and type I collagen (20) , have prion disease resulting from the use of bovine dura have caused people to avoid the implantation of all bovinebeen used to provide three-dimensional scaffolds in chondrocyte cultures. Atelocollagen TM gel made by type derived materials (13). Various risks accompany allogenic or xenogenic chondrocyte implantation, including im-I collagen permits the gradual proliferation of chondrocytes as well as matrix synthesis and the maintenance munorejection or infections due to viral contaminant. The thickness of the chondrocytes layer in the AS group was of chondrocyte phenotype (19,39). These chondrocyte culture systems allow cell proliferation and normal greater than that in the FBS group. In Ki-67 antigenpositive cells, which showed active proliferation, that of differentiation, but often lack biodegradability and biocompatibility. Biodegradable polymer scaffolds such as the AS group was observed more than that of the FBS group in suspension culture. polyesters of glycolic acid (PGA) (10,41) or L-lactic acid (PLLA) (14,37) have resulted in good cartilage
The periosteum contains undifferentiated mesenchy- mal stem cells that have the potential for cartilage forperiosteum-generated chondrocyte transplantation. Recently, commercially available autologous chondrocyte mation (30) . Adult human periosteum-derived cells are promising progenitor cells for repairing cartilage defects implantations covered with autologous periosteum have been used. In this study, the function of the cambium that have the potential to differentiate to the chondrocytic lineage and maintain chondrogenic potential (7, 29) .
layer may have been reduced because the periosteum was harvested from patients with an average age of 72 The cells in the periosteum have the potential to differentiate into three cellular features: a) chondrocytes stayyears.
In the present study, we focused on the safety and ing in the chondrogenic anlage, b) chondrocytes undergoing endochondral ossification, or c) cells going directly cartilage regeneration potential of autologous periosteum used as a scaffold for chondrocyte growth. We to the osteogenic fate. It appears that the growth conditions within the suspension culture support mostly the compared a standard monolayer culture system with our novel suspension culture system in two different nutripure chondrogenic fate.
The chondrogenic potential of the periosteal cambium tional media. We found that monolayer cultures have a loose extracellular matrix and attachment between the decreases with age (31), possibly rendering this method useful only in young and middle-aged patients. The perichondrocytes and periosteum, and the structure of the superficial layer in transplanted chondrocytes did not exosteum (23) is now being used clinically for regeneration of cartilage and for resurfacing cartilage defects.
hibit a lamina splendens that is characteristic of hyaline cartilage. In contrast, the chondrocytes and periosteum But transplantation of the periosteum has been limited to the repair of fibrocartilage, with limited efficacy.
in suspension culture were tightly connected, and spindle-shaped cells in the superficial layer were strongly To date, there have been many promising reports of All data are expressed as mean dia. All data are expressed as mean and SEM. Statistical analysis was performed using the paired t-test. *p < 0.05, **p < and SEM. Statistical analysis was performed using the paired t-test. *p < 0.05, **p < 0.01, ***p < 0.001. 0.01, ***p < 0.001. group suspension cultures, demonstrating active proliferation of these cells. Freed et al. reported that articular chondrocytes seeded on PGA scaffolds in a cell-polymer bioreactor showed increases in glycosaminoglycan and type II collagen, demonstrating that the bioreactor provides a suitable environment for chondrogenesis (10). Cell proliferation in the early stages of chondrogenesis is stimulated by mechanical factors involving dynamic fluid pressure (35). However, spindle-shaped chondrocytes with type I and III collagen in the superficial layer have not been obtained in previous chondrocyte culture methods. In this study, spindle-shaped cells densely immunostained for type I and III collagen were observed in the superficial layer of the chondrocyte suspension culture. The reason for this may be related to the fact that the rotation of the scaffold in the medium equalizes drocytes. Apoptosis of chondrocytes is greater in human osteoarthritic cartilage than in normal cartilage (5) , and correlates with calcification of the extracellular matrix (20) . This suggests that the lower ratio of apoptosis in immunoreactive for type I and III collagens (26, 42) . To the AS group may be beneficial to the maintenance of our knowledge, there has been no report to date on the chondrocytes and the surrounding matrix. collagen production and cell proliferation of the superfi-C-6S, a mature glycosaminoglycan, is the major cial layer in articular chondrocyte cultures. Our findings chondroitin sulfate (CS) isomer in human articular cartishow that the cellular architecture that results from our lage, occurring at levels of over 90% (25) . In contrast, suspension culture system is consistent with the struc-C-4S, an immature glycosaminoglycan, is more comture of normal cartilage, where there is a high level of monly detected in fetal human cartilage, serum, synovproliferation in the superficial layer.
ium, and the meniscus (1). The concentration of C-6S in Active proliferation has been observed in small round the AS group was higher than that in the control group. cells and flat cells in periosteal explant cultures (18). In
The concentrations of C-4S were higher among the three the present study, spindle-shaped cells of the superficial suspension cultures than in the monolayer cultures. The layer were immunoreactive for the Ki-67 antigen in AS analysis of glycosaminoglycans showed that the AS group of the suspension culture had the highest production of CS during the culture period. The AS and FBS groups showed no significant difference in the ratio of C-6S to C-4S, which is significantly lower in OA patients, but both had ratios that were significantly higher than that of the control group. PGE 2 has the effect of increasing vascular permeability and neutrophilic chemotaxis (12), and is positively correlated with pain. This study showed that the PGE 2 , a chemical mediator of inflammation, increased the most in the FBS suspension group. This may be because FBS is a xenographic material, and thus induces inflammatory reactions to cell infiltration.
Bioreactor, a novel three-dimensional scaffold for chondrocyte cultures, provides efficient chondrocyte growth and cartilage matrix regeneration (9). However, Figure 10 . The concentration of prostaglandin E 2 in suspenit may be difficult to obtain a normally structured sevsion cultures was determined and compared among the three eral-layer cartilage with characteristic collagen producgroups (FBS, AS, and control) using the paired t-test. *p < 0.05, **p < 0.01, ***p < 0.00l. tion with this method because the three-dimensional 
